Abstract: This study investigates the performance of energy detection (ED)-based spectrum sensing over two-wave with diffused power (TWDP) fading channels, which have been found to provide accurate characterisation for a variety of fading conditions. A closed-form expression for the average detection probability of ED-based spectrum sensing over TWDP fading channels is derived. This expression is then used to describe the behaviour of ED-based spectrum sensing for a variety of channels that include Rayleigh, Rician and hyperRayleigh fading models. Such fading scenarios present a reliable behavioural model of machine-to-machine wireless nodes operating in confined structures such as in-vehicular environments.
Introduction
We are experiencing a huge growth of interest in machineto-machine (M2M) communications, sometimes referred to as the 'internet of things'. Many such deployments are envisaged to represent wireless operating environments that differ significantly from that of current technologies since they may be deployed in enclosed environments such as in aircraft, vehicles and confined urban settings [1] [2] [3] . They are also expected to coexist with primary systems as a means of efficient spectrum utilisation by employing cognitive radio (CR) technology [4] . CR technology enables unlicenced users to monitor their spectral surroundings and adapt their parameters accordingly in order to opportunistically access temporally unoccupied licenced spectrum.
Energy detection (ED) also known as the radiometer is a noncoherent detection method that measures the energy of a received signal and compares it with a predefined threshold in order to determine the presence or the absence of an unknown signal. ED is considered as a popular detection method because of its low implementation complexity and no requirements on prior knowledge of the received signal. As a result, ED has been widely used in a number of wireless applications such as radar systems [5] and ultra-wideband communications [6] . Recently, ED has shown high applicability in the emerging technology of CR [7] . In this context, ED is used as a spectrum sensing mechanism in order for CR-enabled secondary users (SUs) to identify whether a primary user (PU) is present or absent.
M2M communication systems have recently gained increased interest for sensing and monitoring industrial and in-vehicular environments. Such environments are often enclosed, metallic structures where frequency selective fading should be expected with fading conditions that are not adequately characterised by existing fading models such as Rayleigh and Rician [8] . However, using traditional fading channels that stem from the field of mobile communications [9] , the behaviour relating to surface-mounted, static wireless nodes cannot be adequately characterised. For example, a recent study revealed that wireless sensors operating in an airframe suffer from frequency and spatially dependent fading that have severity exceeding that predicted by the Rayleigh fading model. Such small-scale fading, referred to as 'hyper-Rayleigh' fading, can be characterised by the two-wave with diffused power (TWDP) fading model, as verified experimentally in [8] .
The TWDP fading model [10] utilises a family of probability density functions (PDFs) that mathematically describe small-scale fading in the presence of two strong multipath components. It can characterise a wide variety of fading scenarios such as those experienced by narrow-band receivers or when directional antennas and wide-band signals are used. This fading model can also be reduced to the well-known Rician and Rayleigh distributions as special cases.
The detection performance of ED-based spectrum sensing has been analysed for Rayleigh, Rician and Generalised K channels in [11, 12] . However, to the best of our knowledge, the ED-based spectrum sensing model has not yet been extended to account for TWDP fading channels such as 'hyper-Rayleigh' fading channels. Hence, the focus and contribution of this paper which provides insights into this open question.
In this paper, we derive and evaluate a closed-form expression for the average detection probability for ED-based spectrum sensing over TWDP fading channels, thus providing new insights into the performance of ED-based spectrum sensing over worst than Rayleigh fading conditions. The obtained results are expected to enable the design of energy-efficient CR wireless systems in the context of M2M wireless networks, and facilitate the analysis and development of diversity and cooperative sensing methods to mitigate such fades.
TWDP fading channel model
The TWDP fading model derived in [10] is reviewed as it provides the foundation for this work. The parametric family of PDFs approximates the TWDP PDF using two parameters related to the wireless channel. First, the ratio between the average specular and diffused power is given as
2 , where V 1 and V 2 denote the voltage magnitudes of the two specular waves, and σ 2 indicates the average power of the diffused waves. Second, the relative strength of the two specular waves is expressed as
). The TWDP PDF, f r (r), of the fading amplitude, r, is then approximated as [10] f r (r) = r
where with a = Δ cos (π(i − 1)/2M − 1), M representing the order of the approximation of the TWDP PDF and I 0 (.) denoting the zero-order Bessel function of the first kind. The minimum required approximation order, M min , is determined by the product of the fading parameters K and Δ, M min ≥ ⌈1/2KΔ⌉, with ⌈.⌉ denoting the ceiling function. The values of a over the most useful range of K and Δ, that is, M = 1 − 5, is given by Durgin et al. [10] . In two special cases, the TWDP PDF is reduced to the Rician PDF when K ≠ 0 and Δ = 0, and to the Rayleigh PDF when K = 0. Rayleigh fading arises from the summation of a large number of uncorrelated multipath components. However, if the number of multipath components reduces, the envelope fading statistics will no longer be Rayleigh. The extreme scenario of two summed multipath components with equal weights has been experimentally validated as a new worst-case fading scenario [8] . The two-ray model is also included as a special case of the TWDP model for K → ∞ and Δ = 1. Therefore the TWDP PDFs give an accurate mathematical representation of a family of common PDFs as special cases for different values of K and Δ, as shown in [10] .
The relationship between the fading envelope and the instantaneous signal-to-noise ratio (SNR) per symbol is given by [13] 
where E s is the symbol energy and N 0 is the noise power spectral density. To estimate the energy of the received signal, a square transformation is applied to the random variable in (1), and thus f r 2 (r 2 ) is expressed as [14] f r 2 (r 2 ) = 1
According to [10] , the energy per bit to the noise power spectral density, E s /N 0 , of the average received signal can be expressed in terms of K as E s /N 0 = g/2s 2 (K + 1), where g is the average SNR. As a result, the instantaneous SNR, γ, can be determined in terms of the average SNR and the channel fading parameters. Therefore, by substituting (4) in (3), the PDF of the SNR over TWDP fading can be rewritten as [14] 
where
3 ED-based spectrum sensing over hyper-Rayleigh fading
With reference to conventional ED, the probability of false alarm, P fa , (i.e. the probability of false positive detection of a signal) and probability of detection P d (i.e. the probability of true positive detection of a signal) in the presence of additive white Gaussian noise (AWGN) are given as [11] 
where λ is the detection threshold and u is the time-bandwidth product. Furthermore,
(ax) dx denote the upper incomplete gamma function, the gamma function and the generalised Marcum Q-function, respectively [15, 16] . For a communication scenario over fading channels, the average probability of detection is obtained by averaging the average probability of detection over AWGN, given by expression (9), over the corresponding SNR fading statistics, that is
Hence, by substituting the PDF of the SNR over TWDP, (5) in (10), a closed-form representation for the average detection probability over TWDP fading channels is derived. Thus, by substituting x for 2g √ and based on [17, eq. (45)] the following lemma is proposed.
Lemma: The average detection probability over TWDP fading channels is expressed by a closed-form representation as (see (11)) The proof of Lemma is shown in Appendix. Note that the probability of false alarm, P fa , remains the same under any fading channel since it is independent of the SNR statistics.
Numerical results and discussion
This section analyses the behaviour of ED-based spectrum sensing over TWDP fading channels, based on (11) . The detection accuracy is evaluated in terms of the complementary receiver operation characteristic (ROC) curves (P md against P fa ), where P md denotes the probability of false negative detections, given as P md = 1 − P d . In the context of CR, high P d , and hence low P − md prevents the SUs to interfere with the PUs. On the other hand, low P fa results in better spectrum utilisation. Therefore a pair of high P d and low P fa suggests better performance for the CR system. To this end, according to the IEEE 802.22 standard for CR recommends a P d ≥ 0.9 and P fa ≤ 0.1. Additionally, the detection performance in terms of the SNR requirements is evaluated by using the P d TWDP versus g curves. Both curves provide a comprehensive analysis on the performance of ED-based spectrum sensing for a range of fading scenarios, as per Table 1 .
Scenario 1 describes typical Rayleigh fading, whereas Scenario 2 represents Rician fading with a K-factor of 5 dB. These scenarios can adequately describe fading conditions in both indoor and outdoor environments. On the other hand, Scenarios 3-5 are chosen to be representative of fading conditions that are experienced in enclosed metallic structures. More specifically, based on the experimental results from [1] , these scenarios can describe static cognitive M2M nodes that operate in confined environment such as in-vehicular environments including a single deck bus and two different types of airframe. Fig. 1 shows the complementary ROC curves for ED-based spectrum sensing over TWDP fading channels for the range of K and Δ values specified in Table 1 . The SNR is fixed to 10 dB as it has been found to provide adequate detection performance over AWGN channels [18] . The complementary ROC curves for Rician and Rayleigh fading channels are shown in the same figure to provide comparison of the derived expression to the relevant expressions from [11] . Note that these two curves closely match the curves obtained using our derived expression for the special cases of Rayleigh (K = 0 dB) and Rician (K = 5 dB, Δ = 0). The good match between these curves and between the simulation and analysis results suggests that the proposed statistical model is valid as well as that the derived expression for the average probability of detection over TWDP fading channels presents an effective approximation of realistic fading scenarios.
Moreover, it can be seen that as the value of K increases, the ROC curve moves within the hyper-Rayleigh region towards the upper-bound of two-ray fading (K = ∞, Δ = 1). These results suggest that the detection performance of ED deteriorates as a result of cancellation of two anti-phase specular waves and the low power of diffused components. Indicatively, for a target P md = 0.1, the corresponding P fa is 0.05, 0.31 and 0.57 for Rician, Rayleigh and hyper-Rayleigh fading, respectively. Thus, the required criterion P fa ≤ 0.1 and P md ≤ 0.1 is not met over 'hyper-Rayleigh' fading conditions resulting in 91 and 45% higher P fa values when compared Rician and Rayleigh fading conditions. Fig. 2 shows the detection performance of ED-based spectrum sensing with respect to the required SNR for a range of Δ = 1 and K values within the SNR region of 0-30 dB. The curve for the case of two-ray fading channel is also provided as the upper-bound of hyper-Rayleigh. The obtained results suggest that the average detection performance deteriorates as K increases, (the PDF moves from Rician to the two-wave fading scenario) as the two specular components cancel each other out and the power difference between the multipath components and the corresponding diffused components increases. More specifically, for Δ = 1, K = 10 dB, a minimum SNR of 18 dB is required to achieve a P d = 0.9, whereas for Δ = 1, K = 20 dB and Δ = 1, K = 30 dB a minimum SNR of 21 and 23 dB is required, respectively. On the other hand, ED-based spectrum sensing over Rayleigh requires an SNR of 13 dB. According to these SNR figures, it can be deduced that the SNR requirements for P d = 0.9 are increased up to 77%.
Conclusion
This paper analysed the performance of ED-based spectrum sensing over TWDP fading channels. A novel closed-form expression (12) for the average probability of detection over TWDP fading is derived. The accuracy and flexibility of this expression have been verified through analytical and simulation results as well as by comparison with well-known benchmark results. The derived expression enables the performance analysis of ED-based spectrum sensing under moderate and severe fading scenarios that can be characterised by the family of TWDP distributions. The obtained results are particularly useful for analysing the performance of ED over severe, moderate and worst than Rayleigh fading conditions that cannot be adequately characterised by traditional fading models. On the basis of the offered numerical results, it is concluded that the performance of ED is significantly affected by the hyper-Rayleigh fading conditions resulting on high SNR requirements which in turn can significantly affect the energy efficiency of energy-constrained cognitive M2M wireless systems. To this end, the derived expression is particularly useful for identifying the limits of ED-based spectrum sensing as well as for investigating mitigation techniques as a means of improving future CR systems for emerging application spaces.
